Abstract: Fecal samples are often the only feasible means to assess diversity of parasites in wildlife; however, definitive identification of egg or larval stages in feces by morphology is rarely possible. We determined partial sequences from the second internal transcribed spacer region (ITS-2) of nuclear ribosomal DNA for first-stage, dorsal-spined larvae (DSL) in feces from caribou (Rangifer tarandus tarandus (L., 1758), Rangifer tarandus caribou (Gmelin, 1788), Rangifer tarandus grantii (Allen, 1902)), muskoxen (Ovibos moschatus moschatus (Zimmermann, 1780), Ovibos moschatus wardi Lydekker, 1900), moose (Alces alces gigas Miller, 1899 and Alces alces andersoni Peterson, 1952), and from the tissue of one slug (Deroceras laeve (Müller, 1774)) in Arctic-Subarctic North America. A previously uncharacterized, genetically distinct species was recognized based on sequences of 37 DSL from 19 ungulate hosts and the slug. Sequence similarity among individuals of this novel species was 91%-100%. For many individual DSL, paralogues of ITS-2 were detected. ITS-2 sequences from the novel species were 72%-77% similar to those of Varestrongylus alpenae (Dikmans, 1935) and 51%-61% similar to those of other protostrongylids known in North American and some Eurasian ungulates. Results indicate a discrete lineage of an undescribed protostrongylid infecting muskoxen, caribou, and moose from Alaska to Labrador. Sympatric infections with Parelaphostrongylus andersoni Prestwood, 1972 were found in three caribou herds.
Introduction
Protostrongylid nematodes are important and often pathogenic parasites of ungulates (Kutz et al. 1999; Lankester 2001; Jenkins et al. 2005b ). These parasites have indirect life cycles, requiring gastropod intermediate hosts for development. First-stage larvae among species of the genera Parelaphostrongylus Boev and Schulz 1950 , Elaphostrongylus Cameron 1931 , Umingmakstrongylus Hoberg, Polley Gunn and Nishi 1995 , Cystocaulus Schulz, Orlov and Kutass 1933 , Varestrongylus Bhalerao 1932 , and Muellerius Cameron 1927 are morphologically similar, bearing a dorsal spine on the tail (Boev 1975; Kontrimavichus et al. 1976 ). In some cases, genera can be differentiated based on total length of larvae (Gray et al. 1985) or subtle differences in tail morphology (S.J. Kutz, unpublished data for Umingmakstrongylus pallikuukensis Hoberg, Polley, Gunn and Nishi 1995) . However, substantial variation in tail structure among conspecifics of Parelaphostrongylus has been documented (e.g., Hoberg et al. 2005) . Consequently, definitive identification of species typically has been based on recovery of adult parasites or application of molecular techniques and DNA sequencing to identify larvae. The latter requires validation by comparisons with sequences from adult parasites that have been identified based on morphology (Jenkins et al. 2005a; Huby-Chilton et al. 2006) . Sequence data of the ITS-2 are currently available for all seven species of protostrongylids in North America known to produce dorsalspined larvae (DSL) (Jenkins et al. 2005a) (Table 1) .
Host and geographic ranges for protostrongylids, including elaphostrongylines, muellerines, and protostrongylines at high latitudes of North America, remain poorly described (Hoberg et al. 1995; Kutz et al. 2001b; Lankester 2001) . With the exception of the island of Newfoundland, where Elaphostrongylus rangiferi Mitskevich, 1960 is thought to have been introduced along with reindeer (Rangifer tarandus tarandus (L., 1758)) from the Old World, DSL in either woodland (Rangifer tarandus caribou (Gmelin, 1788)) or barrenground (Rangifer tarandus groenlandicus (Borowski, 1780) and Rangifer tarandus grantii (Allen, 1902) ) caribou native to North America have been assumed to be Parelaphostrongylus andersoni Prestwood, 1972 or Parelaphostrongylus odocoilei (Hobmaier and Hobmaier, 1934 ) (e.g., Lankester 2001 ). In the Canadian north, the elaphostrongylines P. andersoni and P. odocoilei have been confirmed previously in woodland caribou and P. andersoni in barrenground caribou by postmortem recovery and morphological examination of adult nematodes (Lankester and Hauta 1989) or by molecular analyses of larvae (Jenkins et al. 2005a; Chilton et al. 2005 , Huby-Chilton et al. 2006 . Unidentified DSL were found previously in woodland caribou from the Mealy Mountains, Labrador (Lankester and Hauta 1989) , from northeastern Alberta (Gray and Samuel 1986) , and from Manitoba and Ontario (Lankester et al. 1976) . Until the present study, DSL identified in muskoxen (Ovibos moschatus moschatus (Zimmermann, 1780) ) from North America were attributed to U. pallikuukensis, and there were no records of DSL in Ovibos moschatus wardi Lydekker, 1900 . The few anecdotal reports of DSL in moose (Alces alces gigas Miller, 1899) from Alaska had not been confirmed (E.P. Hoberg, unpublished observations) .
The aim of the current study was to better define the biodiversity, host range, and geographic distribution for species of Protostrongylidae among ungulates in the Nearctic. The ITS-2 was sequenced for DSL recovered from fecal samples in muskoxen, caribou, and moose across an extensive region from Labrador, through Quebec, Manitoba, Nunavut, and the Northwest Territories, Canada, into Alaska, USA. The results have demonstrated the widespread occurrence of a previously unknown species of Protostrongylidae.
Materials and methods

Parasite recovery
Fecal samples were collected by northern collaborators from muskoxen (O. m. moschatus and O. m. wardi) , barrenground caribou, woodland caribou, and moose (Tables 2 and  3 , Fig. 1 ). Fecal samples were collected from the ground or from captured animals and were kept frozen until examination. DSL were isolated from fecal samples using a modified beaker Baermann technique; (Forrester and Lankester 1997; Jenkins et al. 2005a) (Tables 2 and 3) . Larvae were either immediately processed for molecular analyses or frozen at -80 8C in tap water. Materials from muskoxen in Quebec were preserved in 70% ethanol and refrigerated prior to molecular analyses. Data for numbers of DSL sequenced and their distribution among host species and geographic localities are summarized in Table 2 . Data for the distribution of additional unsequenced DSL in caribou, muskoxen, and moose are summarized in Table 3. A total of 165 potential slug intermediate hosts (Deroceras laeve (Müller, 1774)) were examined for the presence of protostrongylid larvae by digestion using pepsin-HCl (Hoberg et al. 1995) (Table 2) . Larvae recovered from digests were refrigerated at 4 8C in water prior to further analyses.
DNA extraction and amplification
Individual larvae from respective samples were transferred by micropipette to single tubes prior to extraction of DNA. Successful transfer was confirmed by microscopic examination at high power under a binocular dissecting scope. Genomic DNA (gDNA) was extracted from individual larvae either by using a DNeasy Tissue Kit (Qiagen) or by heating to 90 8C for 10 min in 10 mL of water and cooling on ice for 25 min. Extraction buffer (20 mL, composed of 0.5 mg/ml of proteinase K, 10Â PCR buffer, and 2.5% 2-mercaptoethanol) was added and the mixture was incubated at 65 8C for 2 h, followed by heating to 90 8C for 10 min. A PCR modification from Gajadhar et al. (2000) was performed using the primers NC1 (5'-ACGTCTGGTTCAGGGTTGTT-3') and NC2 (5'-TTAGTTTCTTTTCCTCCGCT-3'). Each 50 mL PCR reaction contained 34 mL of water, 5 mL of 10Â PCR buffer, 4 mL of 25 mmol MgCl 2 , 0.5 mL of 25 mmol dNTPs, 2 mL (40 pmol) of each primer, 0.25 mL of Taq DNA polymerase, and 2 mL of sample DNA overlaid with one drop of mineral oil. The amplification conditions used were an initial 3 min denaturation at 94 8C, followed by 35 cycles of 94 8C for 60 s, 60 8C for 60 s, and 72 8C for 60 s. A final extension phase of 72 8C for 10 min was followed by cooling to 4 8C. Reagent-only (i.e., no gDNA) reactions were used as negative controls to detect potential contamination.
PCR products were sequenced directly using NC1 and NC2 primers or cloned using the Topo TA cloning kit (Invitrogen) and sequenced in both directions using M13 forward and reverse primers. Twelve colonies each were sequenced from cloned PCR products of two individual first larval stages (L1s) from moose (Alaska) and mountain woodland caribou (Northwest Territories). Fluorescent sequencing reactions incorporated BigDye Terminator v.3.1 (Applied Biosystems) and were analysed on a 3730xl capillary sequencer (Applied Biosystems).
Sequence analysis
Sequences from DSL were edited using Sequencher 4.6 (Gene Codes) or Seqman and Megalign (DNA Star) and aligned with those from representative protostrongylids using Vector NTI Advance 9 AlignX (Invitrogen). Taxa included species of all genera of protostrongylids occurring in North America and additional species from the Palearctic that produce DSL (Table 1) . Sequences at the ITS-2 locus were compared with the following eight genera and 13 spe- Voucher specimens with definitive identifications and accession numbers archived in the US National Parasite Collection. Sequence previously in GenBank as reported by Jenkins et al. (2005a) .
e Sequence previously in GenBank as reported by Gajadhar et al. (2000) . Sequences not accompanied by physical voucher specimens held in museum archival collections at time of original report. (Nicholas and Nicholas 1997) . A statistics report for this alignment, showing calculations for exact matches and aligned with gaps as a percent value, was generated using GeneDoc. The relationship of these novel sequences to those from other protostrongylids was inferred using PAUP* v. 4.0b10 (Swofford 2002) to construct a neighbour-joining tree based on both uncorrected (P) and HKY85 distances. The best fit model of DNA substitution was determined by Modeltest3.7 (Posada and Crandall 1998) .
Morphological comparisons
Based on sequence data, muskoxen from Nunavik and Aklavik had monospecific infections with the undescribed species, and therefore, representative DSL from these hosts were used to describe meristic and morphological characteristics (Table 4 , Fig. 2 ). Specimens were examined using high magnification light microscopy and differential interference contrast. Standard measurements were derived from examination of 10 specimens preserved in ethanol from Nunavik and 20 specimens that were heat-killed in water from Aklavik. Meristic data were then compared for DSL representing species known to occur in North American ungulates (Boev 1975; Kontrimavichus et al. 1976; Lankester 2001) .
Results
Prevalence of DSL in fecal samples from ungulates
DSL were common in mainland caribou and muskoxen in a range extending from Alaska to Labrador and were present in one moose from Alaska (Tables 2 and 3 ). The range of prevalence for DSL was 15%-78% (barrenground caribou), 0%-90% (woodland caribou), and 50%-100% (mainland muskoxen). No DSL were found in muskoxen (n = 72) or caribou (n = 141) on Banks or Victoria islands or from moose (41) in Canada.
Sequence comparisons
91 DSL were sequenced from 36 ungulate hosts, and two third-stage larvae were sequenced from two slugs. Based on direct comparisons of the ITS-2 sequence from individual larvae, a novel species of protostrongylid was identified based on 37 sequences in 19 of the ungulate hosts (six barrenground caribou, four mountain woodland caribou, eight muskoxen, and one moose) ( Table 2) . Parelaphostrongylus andersoni was also identified in caribou, but no other protostrongylids were found in muskoxen or moose.
Twelve individual colonies from cloned PCR products of the novel larvae from one woodland caribou and one moose were sequenced, revealing multiple sequence types of ITS-2 present in single DSL. These appear to represent two major sequence types (Table 5) , and some nucleotide variation within each group may be a result of the cloning process.
Owing to the high level of similarity between these two groups, the exclusion of sequences representing either of these groups does not affect determination of relative similarity based on pairwise comparisons between the unknown and other protostrongylids (Table 6 ). The alignment of 38 novel sequences (37 from L1s in ungulates; one from an L3 in a slug) and those for eight genera and 13 species of protostrongylids consists of 459 nucleotides including gaps; individual sequences range from 304-401 bases. A reconstruction of the relationship of the novel sequences to the other protostrongylids using the criterion of minimum evolution and the neighbour-joining algorithm is shown in Fig. 3 ; the reconstruction shown includes single sequences for each host at each locality for a total of 20. DNA distances employed, HYK85 plus gamma (shape = 1.1459) rates for variable sites, were selected as the model that closest fitted the data as defined by ModelTest using the hierarchical likelihood ratio tests. This relationship was independent of the type of DNA distances used to construct the tree. Relationships demonstrate reciprocal monophyly (sister groups) with respect to the putative novel species and V. alpenae.
Pairwise comparisons among the 38 novel sequences showed a mean of 96%; 91%-100% of residues are an exact match across the entire alignment, less than 2% of the residues aligned with gaps. The mean pairwise comparison among the novel sequences and V. alpenae, the most similar of the protostrongylids, is 75% (72%-77%) exact match, with 12% (10%-13%) aligning with gaps. Similarity to 12 other protostrongylids, including any of the elaphostrongylines, was minimal, with ranges between 51%-62% for an exact match and 16%-26% of residues aligned with gaps (Table 6 ).
In addition to the novel species, sequences of DSL in barrenground (n = 54 DSL in 17 hosts) and woodland caribou (n = 1 DSL in 1 host) matched that of P. andersoni. Both P. andersoni and the novel species were found in the Porcupine, Cape Bathurst, Beverly, North Alaska Peninsula, and Mealy Mountain herds; concurrent infections in individual caribou were demonstrated in the Beverly herd, the Mealy Fig. 1 . Map of Alaska and Canada indicating the sampling sites for larvae that were sequenced. Numbers correspond to identification numbers in Table 2 . Measurements of unknown L1 in muskoxen from Aklavik, Northwest Territories; determined from 20 specimens, heat-killed in water, at 400 Â magnification. c In domestic sheep (Boev 1975) . In white-tailed deer from southeastern North America (Prestwood 1972) . e In Dall's sheep from the Mackenzie Mountains, Northwest Territories (Kutz et al. 2001b) ; measurements were based on typical L1 (see Hoberg et al. 2005 ).
f In white-tailed deer (Anderson 1963) . In muskoxen from the Central Canadian Arctic (Hoberg et al. 1995) .
h In white-tailed deer from New York, USA (data from Cheatum 1948 , cited in Boev 1975 . i Determined at base of esophagus. j Measured from cephalic extremity. k Measured from constriction in tail (anterior tail fold or basal joint) at level of dorsal spine, posteriad to caudal extremity. l Measured from distal tail fold or joint in tail extension, posteriad to caudal extremity.
Mountain herd, and in Alaska. Sequences from single L3s recovered from two slugs from the Palmer Lake region of the Mackenzie Mountains, Northwest Territories, were identified as P. odocoilei and the novel species, respectively. This indicates sympatry for these protostrongylid species in this region.
Morphological comparisons
The DSL from muskoxen in Nunavik and Aklavik were similar in appearance and overall dimensions to DSL from other protostrongylids of the Nearctic (i.e., M. capillaris, P. odocoilei, P. andersoni, P. tenuis, U. pallikuukensis, and V. alpenae) (Table 4, Fig. 2 ) (Lankester and Hauta 1989; Lankester 2001) . Specimens from Aklavik (heat-killed) were consistently larger than those examined from Nunavik. The latter specimens of DSL had been preserved in 70% ethanol, and as a consequence, meristic data may not be entirely comparable with that reported for other species, particularly where measurements were derived from heat-killed DSL in water.
Discussion
Our results indicate the presence of a previously unrecognized species of protostrongylid circulating in muskoxen, caribou, and moose across an extensive region of the North American Arctic and Subarctic (Tables 2 and 6; Fig. 3 
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0.05 Fig. 3 . Unrooted neighbor-joining (NJ) tree based on HKY85 distances showing relative similarity among a presumed unknown species and other Protostrongylidae. Note reciprocal monophyly for 18 (among 29) representative dorsal-spined larvae (DSL) in barrenground and woodland caribou, muskoxen, and moose and one L3 in a gastropod host relative to Varestrongylus alpenae in white-tailed deer with which the unknown shares 75% similarity. Numerical labelling of terminal branches for this unknown protostrongylid is linked directly to data in Table 2 and geographic localities indicated on the map depicting the distribution of sampling (Fig. 1) ; multiple hosts are represented at some localities. Sequences from single larvae from each recognized host were used to generate the NJ tree. The unknown is further distinct relative to other protostrongylids, including (i) DSL of elaphostrongylines and species of Elaphostrongylus (E. cervi, E. alces, E. rangiferi) and Parelaphostrongylus (P. andersoni, P. odocoilei, and P. tenuis); (ii) DSL of muellerines, including Umingmakstrongylus pallikuukensis, Muellerius capillaris, and Cystocaulus ocreatus; and (iii) spike-tailed L1 of protostrongylines, including Protostrongylus rufescens and P. stilesi; and the neostrongyline Orthostrongylus macrotis. considerable homogeneity and were distinct from all other Protostrongylidae in North America and from Cystocaulus ocreatus in caprines and Elaphostrongylus cervi, E. rangiferi, and E. alces in cervids from the Palearctic (Fig. 3) . Although comparisons of larval morphology and nucleotide sequences with other protostrongylid species in Eurasia, including Neostrongylus linearis (Marotel, 1913) and Pneumocaulus kadenazii Schulz and Andreeva 1948, are required, it is highly unlikely that this currently undescribed nematode from North America is either of these protostrongylids (Boev 1975; Carreno and Hoberg 1999) . DSL of N. linearis, which occurs in Caprinae from central Asia and the western Palearctic, have a distinct caudal structure that differs from that seen in the new species (Boev 1975) ; P. kadenzaii is a parasite so far only known in musk deer, Moschus moschiferus L., 1758, from the Altai region of central Asia, and the detailed structure of the DSL is poorly known (Boev 1975) .
In distance-based analyses, the sequences of the unknown consistently grouped with Varestrongylus alpenae, a pulmonary parasite of white-tailed deer (Odocoileus virginianus (Zimmermann, 1780)) from central and eastern North America (Gray et al. 1985) . Reciprocal monophyly is clearly demonstrated (Fig. 3) , although sequence similarity is only 72%-77% in a pairwise comparison with V. alpenae (Table 6 ). This may suggest that a search for adult parasites should involve examination of the pulmonary system in ungulate hosts. The unknown is clearly not an elaphostrongyline and thus may not be predicted to occur either in the central nervous system or in the musculature of ungulate hosts.
Prior to the discovery of these novel larvae, we examined lungs from over 50 caribou from the Bluenose East herd, two muskoxen from the Aklavik population, and close to 100 muskoxen sympatric with the Bluenose East caribou herd from the Central Canadian Arctic. Dictyocaulus eckerti Skrjabin, 1931 was isolated from both host species and U. pallikuukensis and Protostrongylus stilesi from muskoxen, but no other nematodes were found in the lungs (S. Kutz, E. Hoberg, B. Elkin and J. Nishi, unpublished data; Hoberg et al. 2002) . However, adults of Varestrongylus are small, measuring 13-24 mm in length and 0.02-0.10 mm in width (for V. alpenae), cause subtle pathology easily missed on gross examination, and may be extremely difficult to detect in the lungs (Gray et al. 1985) . Likewise, if the undescribed protostrongylid is associated with an extrapulmonary site, such parasites can be particularly cryptic and obscure (Lankester and Hauta 1989) .
Comparative morphology
Although there is extensive overlap in most meristic characters of the new species and other protostrongylids in the Nearctic, specimens of the new species may be relatively smaller (except M. capillaris), and the esophagus may represent a lower percentage of overall body length. The DSL that we examined were slightly smaller than those documented by Lankester and Hauta (1989) in woodland caribou from the Mealy Mountains, Labrador, but are in the range of larvae in woodland caribou from Reed Lake, Manitoba (Lankester et al. 1976) . Tail structure is similar where three joints or tail folds are typical for the tail extension in L1 of the new species (Fig. 2) and Umingmakstrongylus and Parelaphostrongylus (Hoberg et al. 1995 ; details of fine Table 6 . Pairwise comparisons for genetic distance in the ITS-2 region among the putative novel species (HKY85 distance matrix, mean with minimum-maximum range in parentheses; below the diagonal), and representative taxa of the Protostrongylidae showing percentage of residues that match exactly across the alignment (percent that align with a gap in parentheses; above the diagonal). (12) 59 (18) 58 (18) 59 (20) 59 (21) 59 (21) 59 (17) 52 (25) 61 (21) 58 (25) 61 (21) 58 ( 53 (20) 53 (24) 53 (25) 53 (25) 54 (21) 49 (27) 55 (23) 52 (31) 55 (23) 52 ( 47 (28) 46 (29) 47 (27) 65 (12) 56 (25) 49 (28) 46 (33) 49 (28) 77 (12) Protostrongylus rufescens (P.r. (26) 52 (27) 53 (27) 84 (4) 52 (24) 51 (28) 48 (33) 51 (28) 56 ( (1) 96 (2) 54 (26) 48 (25) 76 (12) 74 (14) 76 (12) 45 ( 53 (27) 48 (25) 77 (10) 75 (13) 77 (10) 44 ( (27) 48 (26) 76 (12) 76 (13) 76 (12) 45 ( (23) 53 (27) 50 (32) 53 (27) 58 ( (26) 46 (32) 49 (26) 52 ( In specimens of the new species, however, the basal portion of the tail extension is relatively longer than the midsection or the distal tip, in contrast with Parelaphostrongylus or Umingmakstrongylus. Additionally, the base of the dorsal spine is relatively narrow in the new species as compared with specimens of any species of Parelaphostrongylus. Notably, DSL from the new species resemble those reported and described as a presumptive elaphostrongyline in woodland caribou from Ontario and Manitoba, particularly in the form of the thin dorsal spine (Lankester et al. 1976 ).
Host and geographic range
We identified the novel ITS-2 sequences in larvae from three ungulate host species, including three subspecies of caribou, and one slug intermediate host, from locations extending from Alaska, USA, to Labrador, Canada ( Fig. 1 ; Table 2). This indicates that the parasite has a broad host and geographic range; however, the prevalence and intensity of infection remain unknown, as our study was not designed to specifically address these factors. Larvae with the novel sequences were not found in some caribou herds, such as the Bluenose West and Chisana, or in woodland caribou from the northwestern Northwest Territories, but this likely reflects insufficient sampling rather than true absence (Table 3) . Detection of a third-stage larva in a slug supports the recognition of a typical protostrongylid lifecycle, with gastropods as essential intermediate hosts.
In Alaska, P. andersoni had previously been the only protostrongylid reported in barrenground caribou, and the extent of its distribution remains undocumented (Lankester 2001) . We identified DSL of the unknown species in the Porcupine caribou herd and in the North Alaska Peninsula herd, which is sympatric with an infected moose in the area near Lake Clark at the northeastern terminus of the North Alaska Peninsula (Table 2) .
Our results suggest that the previously unknown DSL reported by Lankester and Hauta (1989) in woodland caribou from the Mealy Mountains may be the same as the novel protostrongylid that we describe here. However, DNA sequencing is required to determine the identity of unknown protostrongylids in woodland caribou from Alberta, Ontario, and Manitoba (Lankester et al. 1976; Gray and Samuel 1986) . DNA sequencing of the ITS-2 from DSL from those and other populations and examination of adult worms remains necessary to determine the complete geographic range of the unknown and other known protostrongylids in North America.
A number of reports of unidentified protostrongylids in North America cervids were summarized by Lankester et al. (1976) . In each case, DSL were presumed to be species of Parelaphostrongylus, but adult nematodes could not be demonstrated in extrapulmonary sites. Of potential importance here are the reports of DSL similar to P. tenuis in moose from Isle Royale, Michigan (Karns and Jordan 1969) , in white-tailed deer from Saskatchewan (Bindernagel and Anderson 1972) , and in mule deer from Alberta (Samuel and Holmes 1974) . In central and eastern Saskatchewan, some populations of DSL were later determined to be V. alpenae (Gray et al. 1985) . The identity of other populations was never determined, and Lankester et al. (1976) had suggested that an unknown protostrongylid was circulating among deer and woodland caribou in zones of contact. Thus, these and other unidentified DSL, presumed to be elaphostrongylines (e.g., in woodland caribou from northeastern Alberta and from Manitoba and Ontario) may be the new species identified in this study, or alternatively, a single widespread species of protostrongylid remaining to be characterized in detail.
We suggest experimental studies together with a systematic search incorporating necropsies of appropriate, free-living ungulate species for recovery of adult specimens from pulmonary and extrapulmonary tissues and continued fecal surveys to resolve the host and geographic distribution of this apparently novel parasite. Concurrently, this will serve to provide a more comprehensive knowledge of the distribution for species of Parelaphostrongylus and V. alpenae in the Nearctic. Another possible northern ungulate host for the novel protostrongylid is Dall's sheep (Ovis dalli Nelson, 1884). Although both P. odocoilei and P. stilesi are geographically widespread in Dall's sheep, and numerous fecal and lung samples have been analyzed, none have revealed the occurrence of other protostrongylids in Alaska, British Columbia, Yukon, and Northwest Territories (Jenkins et al. 2005a; E.P. Hoberg, K. Beckmen, unpublished data) . Feces from sympatric and parapatric populations of white-tailed deer, Sitka black-tailed deer (Odocoileus hemionus sitkensis Merriam, 1898), mule deer (Odocoileus hemionus (Rafinesque, 1817)), and elk (Cervus elaphus L., 1758) in potential contact with northern ungulates have yet to be examined extensively.
Currently, documented cervid hosts are all ungulates of great vagility and have a capacity to disperse over large distances, compatible with a complex history for geographic and perhaps host colonization for the unknown species. A common denominator in the distribution of this novel parasite may be barrenground or woodland caribou, cervids with extensive geographic ranges across the north. It is unlikely that the less vagile caprine bovids (Dall's sheep or muskoxen) are involved in the dispersal of the parasite. Patterns of sympatry for a diverse assemblage of ungulate species and alternating episodes of biotic expansion and isolation for host and parasite assemblages would have served as drivers for the distribution of a geographically widespread protostrongylid fauna (e.g., Guthrie 1982 Guthrie , 1984 Hoberg et al. 1995; Hoberg 2005) ; distributions may further be modified by translocation, ecological perturbation, and host switching during the past century (e.g., Hoberg et al. 2002; Kutz et al. 2004) .
Moose are late Pleistocene immigrants to North America, only about 10 ka, with ranges determined by geographic expansion from Beringia during the Holocene (Lister 2004) . Protostrongylids are essentially unknown in North American moose, other than sporadic fatal infections attributable to P. tenuis at temperate latitudes and in zones of contact with white-tailed deer (Lankester 2001) . Additionally, although fecal samples (n = 41) from moose have been examined, DSL have not been detected across the Yukon and Northwest Territories (Table 3 ). In contrast, caribou are identified as Beringian endemics with a relatively long history in the Nearctic over the past 2 million years and ranges that extended south of the Laurentide and Cordilleran ice masses during the Pleistocene (Guthrie and Matthews 1971; Kurtén and Andersen 1980; Webb 2000; Flagstad and Røed 2003) .
Although elaphostrongylines are characteristic in caribou and reindeer, no other protostrongylids are known (Boev 1975; Lankester 2001) , and in North America, P. andersoni appears to be a colonizer from white-tailed deer (Carreno and Lankester 1994) . The geographically broad range now demonstrated for this previously undescribed protostrongylid suggests that it may have existed in caribou in refugia in eastern Beringia or south of the Laurentide-Cordillera during the Pleistocene (e.g., Flagstad and Røed 2003) ; additionally this may suggest affinities to a Holarctic-Palearctic fauna during the Pleistocene (Hoberg 2005) . In as much as we have shown that the unknown may not be an elaphostrongyline, any history that has been defined for Parelaphostrongylus (e.g., Platt 1984; Carreno and Lankester 1994) may not be revealing with respect to this protostrongylid.
The history, geographic range, and recent surveys of muskoxen for protostrongylids suggest that this host may acquire the novel protostrongylid when sympatric with caribou. Surveys for U. pallikuukensis in muskoxen have demonstrated that protostrongylid lungworms appear to have a climatically limited distribution and are absent in the Arctic islands of Canada (Hoberg et al. 1995; Kutz et al. 2001a; 2004) . Thus, it is highly improbable that muskoxen (O. m. wardi) introduced to northern Quebec from Ellesmere Island were infected with the unknown protostrongylid at the time of translocation. Infections documented in the current study are likely a result of host-switching from barrenground caribou of the sympatric George River herd. The other two populations of infected muskoxen, northern Yukon (introduced O. m. wardi) and Thelon Sanctuary, Nunavut (endemic O. m. moschatus) are also sympatric with large migratory herds of caribou (Porcupine; Bathurst-BeverlyQaminuriak), the most likely source of the novel protostrongylid. Phylogeographic studies of hosts and parasites and molecular-based surveys are requisite in resolving the history and geographic associations for this parasite in the north (Jenkins et al. 2005a) .
Our current understanding of the geographic distribution for northern protostrongylids with DSL suggests that four species (the new species, P. odocoilei, P. andersoni, and U. pallikuukensis) could be sympatric and may occur as concomitant infections, depending on the array of ungulates that are present (Lankester and Hauta 1989; Hoberg et al. 1995; Kutz et al. 2001a Kutz et al. , 2001b Lankester 2001; Jenkins et al. 2005a ). In the current study, we clearly demonstrate the presence of P. andersoni and the unknown species in the same caribou populations, with concurrent infections recognized in the Beverly and Mealy Mountain herds and in Alaska (Table 2 ). Other species with DSL, including M. capillaris, P. tenuis, V. alpenae, and the introduced E. rangiferi are currently unknown at Subarctic latitudes (Kutz 2000; Lankester 2001 , Kutz et al. 2001a ). Determination of geographic and host range and detection of mixed or sequential infections is confounded by additional variables, including (i) infections of short temporal duration in young hosts and where larval passage is circumscribed in time (e.g., moose and caribou in Newfoundland infected briefly with P. andersoni and later with E. rangiferi) and (ii) a degree of cross-immunity where initial infection with one protostrongylid may inhibit development and limit sympatry with related species (e.g., P. andersoni and P. tenuis in white-tailed deer in the southeastern USA) (M.W. Lankester, unpublished data).
The possibility of sympatry among an assemblage of protostrongylids highlights the importance of applying efficient diagnostic techniques that will identify mixed infections where the abundance for respective species may differ substantially (Huby- Chilton et al. 2006) . The greater abundance of DSL of one species versus another in feces may tend to mask the presence of multiple infections in single hosts, particularly when DNA sequencing of individual larvae is the only method for definitive identification. For example, in previous surveys for Varestrongylus alpenae in Odocoileus virginianus from southern Manitoba, Canada, a single adult male specimen was recovered from pulmonary tissue (1 of 50 deer at Riding Mountain, Manitoba), but sequencing of individual DSL in feces from this host and other white-tailed deer at this site detected only P. tenuis (S. Kutz, G. Appleyard, and E. Hoberg, unpublished data). Techniques such as single strand conformation polymorphism (SSCP) are more efficient for species identification in mixed infections and for discovery of previously undescribed species (Huby-Chilton et al. 2006) . However, different life-history patterns among protostrongylid species may still necessitate intensive collections across age and sex classes and seasons as well as the examination of relatively large numbers of larval specimens to determine or exclude the occurrence of mixed infections. Documenting concurrent infections is important in understanding pathogenesis, disease, and synergistic effects where multiple species of protostrongylids occur in single hosts or host populations (Kutz et al. 2001b (Kutz et al. , 2004 Jenkins et al. 2006 Jenkins et al. , 2007 .
We have shown that the diversity of the parasite fauna in northern ungulates continues to offer surprises. One of the greatest challenges in collecting and assessing data about populations of parasites and other pathogens in remote regions is access to suitable samples for analyses. Through a network of collaborators, including scientists, wildlife managers, and community members, we have been able to obtain fecal samples from a variety of wildlife species and geographic locations. As demonstrated in this study, the advent of molecular methodologies for definitive identification in conjunction with basic comparative morphology for screening and development and application of archival museum collections have now made it possible to detect hidden parasite biodiversity for protostrongylids from fecal-based surveys (Gajadhar et al. 2000; Hoberg et al. 2001; Jenkins et al. 2005a; Mortenson et al. 2006; Huby-Chilton et al. 2006) . Clearly, recovery of adult parasites remains essential for description of this novel species; however, without molecular technologies it is likely that this parasite would have remained unknown for a long time to come. Many of these approaches are still time-consuming and expensive, and new techniques (e.g., SSCP) may lead to a rapid, efficient, and economic basis to distinguish among an array of different species with DSL (Huby- Chilton et al. 2006) . It is important to note, however, that for studies of genetic diversity and phylogeography, sequencing of appropriate loci is still necessary (Mortenson et al. 2006) .
